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Abstract

Aircraft composed of lightweight composite materials are extremely enticing

since their structural weight is greatly reduced. However, the control of these aircraft

is complicated by the resultant flexibility of the wings. Two avenues of approach

are possible; stiffen the wings thus losing some of the weight reduction benefits, or

design the lateral/directional flight control system cognizant of the wing's flexibility.

In this thesis the second approach is taken. The design of three lateral/directional

flight control systems for the sub-sonic flight envelope of the F-18 is presented. The

Quantitative Feedback Theory (QFT) robust control design technique is used. These

designs incorporate weighting matrices to distribute generalized aileron and rudder

commands to the five control surfaces available on the F-18. The degree of freedom

afforded by the use of all control surfaces allows for the reduction of the load on the

wings, while at the same time meeting military specifications for roll maneuvers. A

baseline flight control system is designed and then improved upon; the final design

incorporates load alleviation concepts to reduce the load on the wings thus avoiding

wing twisting. All flight control systems designed in this thesis are shown to meet

military specifications, as verified with nonlinear time simulations.

xi



DESIGN OF FLIGHT CONTROL LAWS FOR

AIRCRAFT WITH FLEXIBLE WINGS USING

QUANTITATIVE FEEDBACK THEORY

I. Introduction

Conventional lateral/directional flight control methods envisage a rigid wing

with movable control surfaces. The deflection of the control surface is used to gener-

ate aerodynamic forces and moments for flight control. Wing flexibility is a negative

property in this approach; as it reduces control effectiveness, resulting in poor rolling

performance at high dynamic pressures (q). Thus, when the ailerons of the aircraft

are deflected at high 4 to generate a commanded rolling moment, the finite wing stiff-

ness allows the wing to twist and bend creating an opposing moment, counter-acting

the desired effects of the commanded rolling moment. When this occurs, it becomes

necessary to use other available control surfaces or increase wing stiffness in order to

improve the rolling performance. Thus, stiffness considerations are more often than

not the driving design factor in aircraft design. This calls for stiff wings, which, in

turn, calls for less aerodynamically efficient, low aspect ratio wing planform designs,

or an undesired increase in structural weight.

The Active Flexible Wing (AFW) technology strives to gainfully employ the

wing's aeroelastic flexibility. Control surfaces on the wing are used as aeroelastic

"tabs" that induce wing twist in the proper direction instead of trying to fight it.

The wing's total twist creates the control forces and moments used in the AFW

technology. In this research the focus is exclusively on twisting the wing to provide

maneuver control power for rolling the aircraft; thus, only lateral/directional flight

control is considered. The AFW technology seeks the use of a wing with reduced
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torsional stiffness and multiple trailing and leading edge control surfaces which aeroe-

lastically twist the wing into an optimal shape at all flight conditions, i.e., low and

high dynamic pressures q. Optimality here refers to achieving the required control

power while at the same time minimizing the aerodynamic loads imposed on the

twisting wing's structure.

The benefits of the AFW technology include:

1. Reduced structural and takeoff weight allowing for greater payload and/or

increased fuel capacity and greater range,

2. Reduced drag resulting in increased range,

3. The length of hinge lines is reduced and the control surface deflections are

relatively small, which in turn reduces the aircraft's radar cross section during

maneuvering and enhances stealth.

The aircraft under consideration in this research is the F-18 High Angle of

attack Research Vehicle which provides an excellent test bed for AFW flight control

system design. The F-18 HARV has five control surfaces available for use in the

lateral/directional channel; leading edge flaps, trailing edge flaps, ailerons, differen-

tial horizontal tail, and rudders. The lateral/directional channel is the focus of this

research due to the fact that the majority of the flexibility related problems occur

during rolling maneuvers. A full non-linear simulation program, designed by NASA,

is available for generating the linearized plants and for testing of final control designs.

1.1 Problem Statement

The objective of this thesis research is to develop a full subsonic flight envelope

lateral/directional flight control system for the F-18 using the robust Quantitative

Feedback Theory (QFT) control design method to effectively blend the available

control surfaces in order to improve roll performance. For this research, the subsonic

flight envelope is defined as speeds from 0.22 to 0.9 Mach, and altitudes between
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5,000 and 40,000 ft. These limits are imposed by the capabilities of the simulation

program as well as limits of the aircraft itself.

1.2 Literature Review

With recent advances in composite material technology, fighter aircraft have

been constructed with lighter-weight materials. Obviously, the use of lightweight

materials provides advantages including improved range, speed, and serviceability;

however, under the conventional flight control design paradigm there are also disad-

vantages such as increased flexibility. Flexibility, caused by decreased stiffness in the

wings results in poor rolling performance at high dynamic pressures (q). An example

of a fighter aircraft with flexible wings is the F-18. Furthermore, the current control

law in the F-18 accomplishes the blending of control surface commands using gain

scheduling, a costly, and computationally intensive method of control.

In recent years several different design methods for high performance control

system synthesis have been proposed, including H 2 - H, [1], Dynamic Inversion [4],

and Quantitative Feedback Theory (QFT) [7]. Wright Laboratory has sponsored

a series of AFIT theses using the QFT robust control design method to design

control systems for several aircraft, e.g. the VISTA F-16 [12] and the Unmanned

Research Vehicle (URV) [15]. In the continuing effort to explore the benefits of QFT,

Wright Laboratory has sponsored a thesis to design a flight control system (FCS)

for the lateral/directional channel of the F-18. Using QFT, an FCS design can be

accomplished to robustly blend the control surface commands, eliminating the need

for gain scheduling and improving rolling performance.

This literature review covers two major areas: background information on the

F-18 and its flight control system problems, and current research in the area of

flexible wings.
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1.2.1 History of the F-18. In 1976, the U.S. Navy signed a formal con-

tract with McDonnell Aircraft Company to develop and build the F-18. The F-18

was unique in that it incorporated several untested technological advances. One of

the design advancements was the use of composite materials in the aircraft main

structure/frame. As opposed to traditional materials, the composite material was

lightweight, resulting in a lighter aircraft with superior maneuverability characteris-

tics.

Unfortunately, during flight tests, the achieved roll performance fell below mil-

itary specifications [2]. The lightweight materials in the wing provided less stiffness,

allowing the wings to twist under high stress. This twisting was one of the causes

of poor roll performance. Initially, the stiffness of the wings was increased as well

as increasing the size of the aileron control surface. However, the results of flight

testing still showed unacceptable roll performance. As opposed to increasing the

stiffness of the wings a second time, engineers decided to create a flight control sys-

tem, scheduled with dynamic pressure, to compensate for the decreased performance

from the ailerons. This controller incorporated numerous point designs, blending the

use of the available control surfaces, i.e. ailerons and trailing edge flaps, at different

flight conditions. The F-18 naturally lends itself to this type of roll control concept

because of the five available control surfaces that affect roll performance: leading

edge flaps, trailing edge flaps, stabilators, and rudders. Although the final flight

control system was designed to avoid wing twisting, some designers have since then

seen potential for using the twist in a positive manner.

In the past five years, several paper designs using "modern" control techniques

have been performed on the F-18. However, there were several problems with these

designs and they lacked relevancy to the control of wing twisting. In the thesis by

Hartley [6], the control system design was based on only one point in the heart of

the flight envelope. A complete and practical design would need to account for the

entire flight envelope, including high angle of attack and high q regions, in order
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to ensure the controller would be adequate for the aircraft. The paper by Sparks

et. al. [14] described a full envelope controller design; however, their test methods

were questionable in that their FCS was tested on a computer simulation created

by the same engineers who designed the control system. This computer simulation

was based on the non-linear equations of motion, but it lacked the aeroelastic effects,

such as bending modes, responsible for wing twist. The papers by Enns et al. [4] and

Buffington et al. [1] designed controllers for only the longitudinal axis (pitch). While

some wing twist may occur in longitudinal motion, the majority of wing twist results

from aileron deflections used to generate rolling moments; therefore, to truly address

the problems caused by wing twisting only controllers for the lateral/directional axis

are considered in this thesis.

1.2.2 Flexible Wing Research. More recently, the Active Flexible Wing

(AFW) project has been exploring the benefits and controllability of flexible wing

aircraft. In its initial phase, this project was conducted jointly by NASA, Rockwell

International, and the U.S. Air Force. Initially the project was tasked with demon-

strating the concept of flexible wings. After the successful completion of the first

phase, a second phase conducted by NASA and Rockwell strove to accomplish two

major goals. The first goal of the AFW project was to demonstrate effective suppres-

sion of flutter during high q conditions. The second goal was to successfully design

a controller capable of efficiently blending the use of the available control surfaces

to alleviate the load on the wings during rolling maneuvers, and thereby improve

the roll performance of the aircraft [11]. Only the second goal of rolling maneuver

load alleviation (RMLA) is discussed here since it is most applicable to the work

performed in this research.

The AFW wind-tunnel model, created by Rockwell International, was a full

aeroelastically scaled fighter aircraft with a wing span of 8.67ft. Each wing had four

available control surfaces (two leading edge flaps, and two trailing edge flaps) for

use in flight control. The AFW wind-tunnel model was sting mounted, allowing the
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model to roll freely about the body x-axis. In addition, the angle of the sting could

be remotely adjusted to provide angles of attack between -1.5' and 13.50 [11].

In the area of RMLA, two different designs were tested. The first control

design was based on LQG/LTR modern control methods to control roll rate and

wing loads [16]. The FCS controlled five surfaces (trailing edge inboard surfaces

collectively, trailing edge outboard left, trailing edge outboard right, leading edge

outboard left, and leading edge outboard right) using five feedback signals (roll rate

and wing torsion at four different locations). The total load on the wing had two

components, aerodynamic and inertial loads. Aerodynamic loads were a function of

the angle of attack (a), roll rate (p), surface deflection (6), and dynamic pressure (q)

while inertial loads were dependent on the roll acceleration (ii). These loads created

wing root bending moments, and torsion torques at the wing root and outboard

wing panels. The magnitude of the bending moment and torsion torques was also

dependent on the wing area and wing span. Equations relating the wing root bending

moment (fBM) and torsion torques (fTM) to the roll rate and effector deflection can

be expressed as follows:

fBM = CBMP + CBM,6  (1.1)

fTM = CTMpP + CTM,6  (1.2)

where CBM,, CBM, CTMp, CTM6 are influence coefficients relating the bending mo-

ment and torque created by roll rate and surface deflections.

Through experimentation, it was determined that the trailing edge inboard

control surfaces (typically ailerons) had the greatest effect on rolling moment while

the leading edge outboard and trailing edge outboard control surfaces were capable

of controlling the wing loads without adversely effecting the rolling moment. For

load alleviation, the outboard surfaces had to be operated in the opposite direction

of the inboard surface and the slight decrease in rolling moment was compensated

for by increasing the aileron deflection. The control scheme involved feeding back
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roll rate to the inboard and outboard surfaces along with a command signal to the

leading edge inboard surface. Two designs were tested, one using the leading edge

outboard flaps along with the trailing edge inboard flaps, and the other utilized the

trailing edge outboard flaps in conjunction with the trailing edge inboard flaps. Both

designs used a simple gain in the feedback control law to obtain the desired results.

The designs were tested on the AFW wind tunnel model at the NASA Langley

Transonic Dynamics Tunnel. Results for both designs were favorable with respect

to alleviating torsional torques at both inboard and outboard stations. However,

mixed results were obtained for the alleviation of bending moments. Overall, it

was judged that the best control combination was using the trailing edge inboard

control surfaces for generating the required rolling moment, and the leading edge

outboard control surfaces for load alleviation. This design was successful in reducing

the torsional loads on the wing by 40% without adversely affecting roll performance

[16]. One thing this research lacked was an attempt to use both leading and trailing

edge outboard control surfaces for load alleviation in a single design to determine if

the peak loads could be reduced even further than the values found in the use of a

single control surface for load alleviation.

A second group used feed-forward nonlinear optimal control techniques to de-

sign a compensator [10]. For the feed-forward design the only inputs were the com-

manded roll rate and the actual (measured) roll rate. Optimization techniques were

used to develop look-up tables based on experimental data. These look-up tables

were used in a feed-forward configuration to command outboard surface deflections

in order to reduce loads on the wing. This method of control worked to alleviate

loads only when they reached a specified threshold, allowing full control power to be

available for control designs when load levels were low.

This design was also tested on the AFW wind tunnel and was successful in

limiting the wing loads to levels below the maximum threshold. The roll perfor-

mance achieved when the load alleviation controller was active was nearly identical
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to the baseline controller. Overall, both of these design methods were successful at

demonstrating the feasibility of load alleviation control concepts.

1.3 Assumptions

As in most flight control design work the following assumptions are made:

1. The aircraft mass is constant with time.

2. Aircraft mass distribution is constant with time (no fuel sloshing).

3. The earth is an inertial reference frame and the gravitational acceleration is

constant with altitude.

4. The atmosphere is fixed with respect to the earth (no gust effects are consid-

ered.)

5. The aircraft is symmetric about the xz- and xy-planes.

6. The lateral/directional and longitudinal channels can be decoupled.

The first six assumptions are valid due to the short time span the controller will

be active (between pilot inputs.) The last assumption is valid for small perturba-

tions about a nominal condition. This assumption isn't always valid; however the

assumption, commonly used in flight control design, greatly simplifies the problem

and the resulting control design is tested to ensure adequate performance during

large perturbations.

1.4 Scope

In this thesis, the robust flight control system design that exploits the wing's

flexibility is limited to the lateral/directional channel of the F-18. The flight enve-

lope of the F-18 is restricted to subsonic regions above 5,000 ft in altitude (a limit

established by the HARV simulation). The controller is constrained to a second or-

der diagonal prefilter and a third order diagonal compensator. A linear simulation

is used to test the final flight control system design.
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1.5 Approach and Methodology

This thesis is composed of two major sections; controller design and simulation.

Controller design is accomplished using the method of Quantitative Feedback Theory

(QFT) [8]. The structure of a generic MIMO QFT controller is shown in Fig. 1.1.

The resulting design is tested on a linear simulation using Matlab.

Controller P- .................
,-~~~.. f ..................... : I "

1 Ps Uin Q , p
I 'F' G W Ani 0' P

no-qaepatwt ieipt an tw upt, isetatdfrmteHR

............................... " .................... i

Figure 1.1 Flight Control System Block Diagram

1.5.1 Controller Design.

1.5.1.1 Plant Models. Using the QFT design approach, the plant

uncertainty set b is defined as the subsonic flight envelope. Over 30 flight conditions
are chosen to cover this region of uncertainty. The linear aircraft model (P), a

non-square plant with five inputs and two outputs, is extracted from the HARV

F-18 simulation for each flight condition. Once the models are determined, the

lateral/ directional channel is isolated from the full model. These models are then

entered into a QFT CAD package developed by Sating [9].

1.5.1.2 Weighting Matrix. The weighting matrix allows one generic

control input to be distributed among several control surfaces. The weighting matrix

is designed based on the effectiveness of the control surface at each dynamic pressure

(q). In addition, the weighting matrix, when combined with the plant matrices,

defines the effective square plant matrix (P) required in the design process. However,
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in practice, the weighting matrix forms part of the designed compensator, as shown

in Fig. 1.1.

1.5.1.3 Tracking and Cross-Coupling Effect Rejection Bounds. Fre-

quency domain bounds representing the desired time domain responses are calcu-

lated. The upper and lower bounds of time domain responses are determined based

on specifications in MIL-STD 1797A Flying Qualities of Piloted Aircraft [5]. These

bounds create a region in which the closed-loop frequency response must lie for all

flight conditions.

1.5.1.4 Template Generation. Templates are generated for frequen-

cies one octave apart over the frequency range of interest. The high frequency cutoff

is controlled by the bending modes of the aircraft. For the F-18 this frequency cutoff

is 15 rps.

1.5.1.5 Compensator Design. Once the bounds and templates have

been generated, the compensators (G) are designed interactively using the QFT

CAD package. Loop shape satisfaction on the Nichols chart of the stability and

composite bounds (a worst case combination of tracking and cross-coupling effect

rejection bounds) is the ending criteria. In addition, the compensator is chosen to

be constrained to a third order design in order to decrease time delays.

1.5.1.6 Pre-Filter Design. After the compensator design is complete,

a pre-filter is designed to ensure the closed loop frequency response lies within the

tracking bounds previously specified. The pre-filter design is accomplished with the

aid of the QFT CAD package.

1.5.1.7 Validation. The QFT CAD package provides a method for

verification of specifications in the frequency domain. This is the final step of the
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compensator design. If all specifications are met by the design the next step is linear

time simulation.

1.5.2 Simulation. As an initial check to determine the performance of the

controller, a time simulation of the FCS using Matlab is completed. This simulation

tests the thirty-one points originally chosen to cover the flight envelope- As a first

test, a unit step command is used to independently check each channel for stability

and cross-coupling effects. Following this, a step input of roll rate is commanded to

determine the time to 900 bank angle. Meeting all standards from MIL-STD 1797A

is the ending criteria for linear time simulation.

1.6 Organization of Thesis

Chapter 2 presents some basics of MIMO QFT theory. A description of the

F-18 HARV is detailed in Chapter 3. Chapter 4 describes the flight control system

design followed by the time simulations of the lateral-directional flight control sys-

tems in Chapter 5. Finally, conclusions and recommendations for further research

are discussed in Chapter 6.
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II. QFT Theory

Quantitative Feedback Theory is different from other methods of controller

design in the transparency of its techniques. This transparency allows the engineer

to determine if a control solution is possible early in, and during, the design process.

If no solution exists, changes must be made to ease the design specifications. In most

modern control techniques, the designer would realize that specifications could not

be met only after repeated trial and error.

The QFT design is performed in the frequency domain instead of the time

domain. By using the frequency domain, the mathematics of the problem are greatly

simplified (algebraic multiplication in the frequency domain versus convolution in the

time domain.) In the frequency range of interest i.e., in the pilot's bandwidth of 0.1

to 3.5 rps, a good correlation between the time domain and frequency domain exists.

This correlation justifies the transformation into the frequency domain.

Another advantage of QFT is its ability to account for system modeling errors

("structured plant uncertainty") relatively easily. In flight control, plant uncertainty

is caused by changes in aerodynamic performance as flight condition varies. To

account for these changes, most design techniques choose several points through-

out the flight envelope and perform flight control system designs for each point.

These individual point designs are then combined through gain scheduling to create

a controller for all flight conditions. These designs have large costs associated with

computer time and validation, and in the end, there is no guarantee that the designs

will work successfully for all flight conditions. As opposed to doing numerous point

designs, QFT techniques lead to a single design covering the entire flight envelope.

The boundary of the flight envelope is used to define the plant uncertainty, thus the

resulting controller is guaranteed to work for all flight conditions. The QFT design

yields a "wide coverage controller", not the gain scheduled point designs of other

methods.
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The remainder of this chapter discusses the different steps involved in the

QFT design process with respect to flight control system design, giving some of the

theory behind the steps. However, it is assumed that the reader has some general

knowledge of QFT and for the most part results are given without proof. For more

detail, refer to Chapter 18 of the D'Azzo and Houpis modern control textbook [3]

and the Wright Laboratory Technical Report on QFT [8]. In addition, terminology

is used in accordance with Sating's QFT CAD package [13].

2.1 Effective Plant

Typically, the behavior of an aircraft is modeled by the state space system

x = Ax + Bu

y = Cx + Du (2.1)

where for the F-18 lateral/directional case x = [p r /y ]T, y = [p 3]T and

U = [6.il bht 64 ud 61ef 6te ]T where 6 represents the surface deflection of the

ailerons, stabilators, rudders, leading edge flaps and trailing edge flaps respectively.

The plant P is determined through Eq. (2.2) for the linear time-invariant case.

P = C[sI- A]-B (2.2)

The values for the A and B matrices are dependent on the flight condition, thus

in this case the plant uncertainty is the flight envelope of the aircraft. Based on

the flight scenario, t = 1,2,..., J1, LTI plants P, are determined that satisfactorily

describe the region of plant uncertainty. In QFT the effective plant (Pe) must be a

square matrix for design purposes. A non-square system (as in this case with five

inputs and two outputs) is squared down through the use of a weighting matrix.

This weighting matrix takes a generalized command signal (aileron and rudder) and

converts it into the five different control surface signals. A more detailed explanation
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of the development of the weighting matrix is found in Chapter IV. Since the inputs

to the effective plants are generalized signals, the control surface actuator dynamics

must also be included in the effective plant, following the weighting matrix. A block

diagram representation of the m x m (where in this case m = 2) effective plant is

shown in Fig. 2.1.
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p(s) p(s) t 1 1 (s) 1

T(s) Pcmd(s) Il.rd(S) =i t 12 (s) (2.6)
0(s) (s) t 2 1 (S) t 2 2 (S)

PKmd(S) I.cd(S) I

Performance specifications for the system set limits on the values of the tij control

ratios. For this research, the performance specifications are defined by MIL-STD

1797A. In the ideal situation only the diagonal terms have bounds with the off-

diagonal terms being equal to zero. However, in the real world, some cross-coupling

between the channels exists; and cross-coupling effect rejection bounds must be

determined for the system. For the most part, performance specifications are stated

in the time domain. For use in QFT design, these specifications must be translated

into the frequency domain. Although this is not an exact transformation, reasonable

results are produced for the frequency range of interest, and the final results are

tested against the original time domain specifications.

In addition to tracking specifications, QFT uses stability specifications in its

design procedures. Stability specifications can be stated in terms of gain margin

(gin), phase margin angle (7), or the corresponding critical ML contour on the Nichols

chart. For aircraft design, the phase margin angle is typically specified to be -Y = 30'

which equates to ML = 6.02dB

2.3 Effective MISO Equivalent Plants

In order to simplify the MIMO design problem, QFT maps the m x m MIMO

plant into m 2 MISO equivalent plants. Thus, with a diagonal compensator matrix,

the design problem is decomposed into m MISO equivalent plants with two inputs

(a desired signal (commanded input) and an undesired signal (cross-coupling)) and

one output. This greatly facilitates the design procedure without losing information

due to the simplification process.

The MISO equivalent plants are based on elements in the Q matrix where the

qij terms are the element by element inverse of the matrix inverse of the effective
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plant Pe. For this research,

Q q11 q12][ i/Pul i/p12 ](2.7)
q21 q22 1 /P21 1/P22

where

P- I p I P2 (2.8)
L P2]

Thus the transmission functions can be written from the signal flow graphs of Fig.

2.2. The off-diagonal MISO loops only have a cross-coupling input (no tracking

signal, thus fij = 0 for i $ j) while the diagonal MISO loops have both a cross-

coupling and a tracking input.

1y 1fl ig q2. fS Eil qPat

-i ~t1  for i- - (2.9

r ' Y11 r 2  Y12

f.. ~t for 9 2.0

-2-

C21 C22

r 112 2

Figure 2.2 MISO Equivalent Plants

tij =tr + tci, for ij (2.9)

and

tij = tci, for i j (2.10)
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The closed-loop transfer functions is:

Y i f1igiqij fL(1
r, g q 2 -+L (2.11)ri 1+ giqii 1 + Li

and
=Yij gi= Lto,, -i - Li (2.12)

cij 1+ gjqii I + Li

where

Li = giqi: (2.13)

For the diagonal terms both an upper and lower bound must be specified as follows:

aii :5 tii :5 bi for i = 1,2,...m (2.14)

For off-diagonal terms, only an upper bound is necessary and is defined as:

t ij  _ bij for i,j = 1,2,...m i j (2.15)

In addition, the stability margin for each row is defined as:

Li< ML for i= 1,2,...m (2.16)

Two conditions on the plants must exist in order to apply Method 1 of QFT.

First the inverse of the effective plant (P-') must exist. This is an obvious condition

easily seen by examining the previous equations. A second condition is that diagonal

dominance must exist as w --- oc. The equation for determining diagonal dominance

is given in Eq. (2.17).

Li11(jw)p22(jw)I > 1p12(jw)p21(jw)i V p 7P (2.17)
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Diagonal dominance is a necessary condition derived from the cross-coupling analysis

of the MISO equivalent loops. If this condition is not satisfied, it is possible to try

to re-order the plant inputs and outputs. The diagonal dominance condition can

be evaluated by Sating's QFT CAD package for all plants. An example plot of the

diagonal dominance analysis is shown in Fig. 2.3 where dominance exists if the

normalized plot is greater than zero as w --+ oc.

0.8
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The size of the template determines how difficult it will be to accomplish a successful

design [Chapter 7 [8]]. If the template has a large dB range, then it is known a priori
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that a single controller design is not achievable. As a solution, the plant uncertainty

can be divided and multiple control designs performed on the smaller uncertainty

sets; eventually, the various controllers then need to be gain scheduled.

Figure 2.4 Example of Frequency Templates

After the templates are constructed, it is necessary to chose a nominal plant.

This nominal plant is used as a marker on the frequency template. With foresight,

it is wise to chose the uppermost plant on the frequency template that corresponds

to the bending modes of the aircraft. Doing this ensures that if the nominal plant

has the desired phase margin frequency w5 then all of the other plants will also have

the desired phase margin frequency.

2.5 Bounds on the Nichols Chart

The frequency templates are then used to create bounds on the Nichols chart.

Typically in the QFT design process there are four types of bounds: stability, track-

ing, cross-coupling effect rejection, and outside disturbance rejection. These bounds

are determined using the frequency templates, thus incorporating the plant uncer-

2-8



tainty into the bounds. QFT has a certain amount of inherent over design in the

establishment of bounds. Based on these bounds, a worst-case composite bound is

generated. If the loop transmission function lies above the composite bound for a

give frequency, then the system is guaranteed to meet specifications. However the

system may still meet specifications even if the bounds are not satisfied. Thus it is

possible that a slight violation of bounds may still yield acceptable final results.

Stability bounds are determined for each frequency by plotting the nominal

plant as the template traverses the edge of the ML contour. This ensures that if the

nominal plant doesn't cross the stability bounds then none of the plants violate the

ML contour and thus the stability specifications are satisfied. Since the templates

are different for each frequency, the stability bound vary with frequency. An example

of the stability bounds for the F-18's channel is shown in Fig. 2.5.

..... .... .... i .. .... .... .. . . . . ... .. . .. "'

.... .... .. . .. ......... ..:.... ( .... .. .. .. .. : .. ...... ....... ....J ....... ...........

....... .... I- 7 .............. ' ..... ] ... ! .... . ... ....... ... : . ... .' : .. ... .
... .. .. .. . i ' .," ,. .. .. ........ .. ............

.... . . .. . .... ... .. . . : ::. :: ..: "....
... ... ........... :.: .... .. ..L ........

...... ...... :: 5 : : :J .: ...................:
! ; i :: !! ,! ! .- '.. i .... .... :::.; : '. ,..........

,' : .. ......... .. ........... .....: ..... ....... :
...........~ ~ ~ ~ ~ ~ ~ ~.. ......... ,.-. ...... ..w' ......... .:....:..... ........ -

...' . . ... .' * " . .... . ........ .

..... ... . . . . . . . . . .. .. . ... .. .. . .... ... ..
• • ~ ..... . ... ..- . .

Figure 2.5 Stability Bounds on the Nichols Chart

As previously stated, the diagonal plants must lie within a prescribed region,

called 6R, determined by the upper and lower tracking bounds. Mathematically this
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is described by:

bR = 20 log (b i = 20log(bii) - 20log(ai) (2.18)

Once again, bR is dependent on frequency and thus the tracking bounds vary with

frequency. An example of the tracking bounds for the F-18 is shown in Fig. 2.6. A

more detailed description of the calculation of tracking bounds can be found in [8].

-.... ------. -----....... '..... ....... :' ...... '-' "., : : "4: ' .. ..... '

...................

-------- - --- 
....... ............ 

.. ..... 
,

........... ' .....: / ..... .... ........... 
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• , , .......... , : -........ ..., ... ..... , : .. . .' " : i : .. . ..... .. ..... ............, -.

... ....." .....1 / '. / ,: ' ;" " : " " " ... { :. t --- : ........:. ,, . : : .: - " ................ .. 
......

....... ......... ; ... ..... .f;1 i .......... .................

N........ ... .- . .-. . ................ .. .-.

Figure 2.6 Tracking Bounds on the Nichols Chart

The cross-coupling effects are a function of the system dynamics and are gen-

erally undesired. In the case of a flight control design, differential aileron deflection

causes adverse and proverse yaw. Thus a commanded input of roll rate (p) results

in an undesired response in the side slip (i) channel. According to the specifica-

tions, cross-coupling effects must be kept below an established maximum tij _ b 13

for i # j. An example of the cross-coupling bounds generated by the QFT CAD

package is shown in Fig. 2.7.

For the purpose of the design problem, the loop transmission function for each

frequency must be on or above the highest bound on the Nichols chart. Thus the
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Figure 2.7 Cross-Coupling Bounds on the Nichols Chart

Q FT CAD package computes the composite bound at each frequency for use in loop

shaping by taking the largest magnitude at each phase angle.

2.6 Compensator Design

Once the composite bounds have been determined, the compensator design can

begin. The loop transmission L2o = giqijo of the nominal plant is initially plotted for

g= 1. Poles and zeros, as well as gain, are added until the bounds are met and the

desired phase margin frequency is achieved. An example of the loop transmission

plot is shown in Fig. 2.8. The loop shaping is another of the features of QFT that

reduces the number of iterations required for a successful controller. By design, if the

nominal loop transmission function satisfies all of the bounds, then all other plants

are guaranteed to meet the bounds. In addition, due to the graphical interface, it is

easy to see the effects of pole/zero placement. Another benefit of the QFT design

method: the engineer can quickly and easily determine if all specifications can be

met. If the bounds cannot be satisfied for all frequencies, then the engineer can
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Figure 2.8 Loop Transmission Example

decide what range of frequencies are truly important. For example, in the flight

control system design, since the pilot's bandwidth is approximately 0.1 to 3.5 rps,

then it is only essential that tracking bounds are met in this range. Above and below

this frequency range, only stability bounds are of importance.

Another factor in the compensator design is the order of the compensator. In

order to reduce the delay in the system, a low order compensator is desired. By

starting with a unity gain compensator, the order can be limited. For this design,

the goal is to create a compensator of third order or less. In addition, although

this is not a digital design, the poles and zeros are placed only at frequencies below

60 rps. This ensures an easy transition into the digital Z-domain (where a 50 Hz

sampling rate is used) in future research.
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2.7 Pre-Filter Design

Once the compensator has been designed there is one final step in the design

process. Although the compensator satisfies the bounds on the Nichols chart, this

only guarantees that the response has a desired range of variation. It is therefore

necessary to design a pre-filter to ensure that this range of variation lies within the

previously established frequency domain tracking bounds. This step is also done

interactively in the QFT CAD package starting with a unity gain pre-filter. As in

the compensator, poles and zeros are added to achieve the desired shape. For the

pre-filter, it is necessary to maintain a DC gain of one to ensure zero tracking error.

Note that the pre-filter matrix is diagonal since there are no tracking specifications

and no input signal for the off diagonal terms.

2.8 Frequency Domain Validation

After completion of the design, it must be checked in the frequency domain

to verify that the specifications have been met. The QFT CAD package can be

used to validate that stability, tracking and cross-coupling effects specifications have

been met for all plants in the frequency domain. All that is then left is to check time

responses using any available simulation programs to validate that time specifications

have been met. An example of the stability validation performed by the QFT CAD

package is shown in Fig. 2.9. As seen in the figure, all J loop transmission functions

do not penetrate the stability (ML) contour (represented by the thick line) on the

Nichols chart.
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IlI. The F-18 HARV

This chapter provides a description of the F-18 High Angle of attack Research

Vehicle (HARV) with emphasis on the aspects important to this research. A non-

linear simulation of the F-18 HARV, developed by NASA is available through Wright

Laboratory's Flight Dynamics Directorate for use in this research.

3.1 The Aircraft

The F-18 HARV is a pre-production F/A-18, Fig. 3.1, on loan to NASA from

Figure 3.1 The F-18 Aircraft

the U.S. Navy. The major difference between the HARV and the production F/A-

18's is the incorporation of thrust vectoring nozzles in both of the engines. These

nozzles can be adjusted to give additional pitch and yaw control in low 4 flight

conditions where conventional control surfaces are incapable of generating adequate

control forces. Another difference is the HARV has been specially equipped to allow

for testing of different control laws. To aid in the development of these control laws,

NASA has generated a non-linear simulation of the F-18 HARV. This simulation
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combined with the numerous available control surfaces and the F-18's previously

established problems with wing twist make this aircraft an excellent candidate in

the study of control designs for aircraft with flexible wings.

3.2 Linear Plant Models

The F-18 HARV simulation program is capable of providing a linearized model

of the full non-linear system about a specified trim condition. The complete linear

model is an eleven state, twelve input system. Since, for this research, it has been

determined that the lateral/directional dynamics are of greatest importance, this

full linear model is paired down to a four state, six input model. In doing this, it

is assumed that the longitudinal and lateral/directional dynamics can be decoupled.

As previously stated this assumption is valid for small perturbations about a trim

condition. To further reduce the size of the problem, the thrust vectoring capability

has been eliminated. This is done to reduce the differences between the HARV and

the current production of the F/A-18 aircraft. Thus, the linear plant models use in

this research can be represented by:

k = Ax + Bu

y = Cx + Du (3.1)

where x are the states of the system, i.e.,

p roll rate (deg/sec)

r yaw rate (deg/sec) (3.2)

/3 side slip (deg)

bank angle (deg)
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and u represents the system inputs, i.e.,

65,j ailerons (deg)

bht stabilators (deg)

U = rud rudders (deg) (3.3)

Slef leading edge flaps (deg)

8te.f trailing edge flaps (deg)

A and B are the system dynamics given by the following matrices, respectively:

LP L, LO 0

A T N 0 (3.4)Yp Y, YO0
0 0 0 1

L6 1 L6h, LS6rud L6s 1  L&,

B = V Iht N N61ef N8tef (3.5)
Yso,l Yht Y6rud Yef Y6tef

0 0 0 0 0

A listing of all of the A and B matrices used in this research can be found in

Appendix A. Since only the roll rate (p) and sideslip (/3) are controlled by the pilot,

the C and D matrices are defined respectively as:

1000 00000

0000 00000
C= D= (3.6)

0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
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After being entered into the QFT CAD package, the state space representation of

the plant is transformed into a transfer function realization for use in the QFT design

method.

3.3 Control Surface Descriptions

Once the plant model is determined, it is necessary to analyze the B matrix

to determine the correct signs for surface deflections. Based on this analysis, the

control surface sign conventions are shown in Fig. 3.2

Aileron Rudder
Stabilator

Trailing Edge Flaps Leading Edge Flaps I

up orar

Figure 3.2 Control Effector Sign Conventions for the F-18 HARV

In this research, both position and rate limits of the control surfaces, Table 3.1,

are incorporated into the time domain simulation. The control surface groups are

Surface Position Limits Rate Limits
(deg) (deg/sec)

Leading Edge Flap +33, -3 15
Trailing Edge Flap +45, -8 18
Aileron +45, -25 100
Stabilator +10.5, -24 40
Rudder ±30 82

Table 3.1 F-18 HARV Control Surface Position and Rate Limits

internally scaled by the HARV simulation so that the maximum positive and negative

deflections are reached at the same time. In other words, given a maximum positive

roll aileron command, the left aileron is driven to +45' while the right aileron goes

to -25' at the same time. This internal scaling simplifies the simulation process.

The position and rate limits are the only non-linearities included in the time domain

simulation due to the drastic effects they can have on aircraft stability.
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3.4 Actuator Models

One thing that the linear plant models don't take into account is the dynamics

of the actuators. This information is very important in forming the effective plant

(P,) for use in QFT and in robust control in general. The actuators have the effect

of delaying the input signal and can have drastic effects on the output. A listing

of the transfer functions for each control surface actuator is shown in Table 3.2.

These transfer functions are determined directly from data in the HARV simulation

program.

Control Surface Transfer Function

Leading Edge Flap 2 2230
_2_ _ +109.8s+2230

Trailing Edge Flap 2 1225
s + 49.7s +1225

Aileron 2 5625
Aileron ___ + 88.5s + 5625

945Stabilator 2 + 31.29s + 945

5198Rudder 2 99.5s + 5189

Table 3.2 F-18 HARV Control Surface Actuator Models

3.5 Flight Conditions

As previously stated, the HARV simulation program takes in a user specified

flight condition and returns the corresponding linearized system dynamics. The

user specifies two out of the following three variables: altitude, speed and angle of

attack. The simulation then determines the trim condition and the value of the

third variable for the specified flight condition. For this research the altitude and

Mach number are chosen as the specified variables. Thirty-one flight conditions are

chosen to represent the sub-sonic flight envelope. To determine values for the high

angle of attack region, flight conditions are chosen to ensure the dynamic pressure 4

is greater than 50 slugs/ft A The upper limit for Mach is set at 0.9 Mach to stay
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out of trans-sonic and super-sonic flight conditions. The lower bound on altitude

is set at 5,000 ft by the simulation program, and the upper bound of 40,000 ft is

determined by typical maximum flying altitudes. A figure showing the thirty-one

chosen flight conditions can be seen in Fig. 3.3, followed by a listing of the flight

conditions in Table 3.3.

X10 4  Subsonic Flight Envelope For F-18 HARV
4 x x

3.5 x

3-

2.5 X

2X X

1.5- X

0.5 x X x
x Flight Conditions Used in this Research

0 I I I I 1 I I I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Velocity (Mach)

Figure 3.3 Flight Envelope of F-18 HARV
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Flight Velocity Altitude Angle of Attack Dynamic Pressure
Condition (Mach) (ft) (deg) (slug/ft * sec2) .

1 .22 5000 22.9 59.7
2 .25 15000 23.6 52.0
3 .35 30000 25.8 54.0
4 .45 40000 24.3 55.8
5 .65 40000 16.0 116.5
6 .9 40000 3.50 223.0
7 .9 30000 2.36 357.3
8 .9 15000 1.50 678.2
9 .9 10000 1.36 825.5
10 .9 5000 1.21 999.4
11 .6 5000 2.53 444.2
12 .4 5000 5.24 197.4
13 .25 10000 18.1 63.7
14 .9 9000 1.34 858.5
15 .3 20000 19.6 61.3
16 .31 25000 22.79 53.0
17 .4 35000 23.5 56.0
18 .9 35000 3.68 283.4
19 .9 25000 2.01 446.3
20 .9 20000 1.75 552.1
21 .9 8000 1.30 892.2
22 .9 7000 1.29 926.4
23 .9 6000 1.27 962.2
24 .7 40000 9.00 135.1
25 .7 35000 5.22 171.4
26 .7 30000 4.26 216.1
27 .7 25000 3.51 270.0
28 .7 20000 2.93 334.0
29 .7 15000 2.49 410.2
30 .7 10000 2.12 499.4
31 .7 5000 1.84 604.6

Table 3.3 Flight Conditions for All Plants
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IV. Flight Control System Design

This chapter details the steps taken in creating the flight control system in

this research. Three different designs are accomplished and tested, each having a

different weighting matrix. This chapter is organized in three major parts. The

first two sections cover general conditions that apply to all of the designs. They

are presented once in the hope of reducing the amount of repetition involved. The

following three sections describe the step taken in each of the three designs. The

chapter ends with a comparison of the designs.

4.1 System Specifications

Where possible the system specifications are generated from MIL-STD 1797A.

However, QFT requires specifications on more variables than are found in the mili-

tary specifications. When specifications are not given, an attempt is made to gener-

ate reasonable values. These values are then used in all three designs.

4.1.1 Tracking Specifications. According to MIL-STD 1797A, a Class IV

aircraft in Category A and C flight must have a maximum roll mode time constant TR

of 1 sec. In order to use this information in QFT, the specification must be changed

into a form that can be translated into the frequency domain. Putting this in terms

of a transfer function yields:
1 _ 11 1 (4.1)S + R s+lI

From this transfer function it is determined that the 2% settling time (t,) is approxi-

mately 4 sec. Thus, for use in QFT, the upper and lower bounds for the roll channel

are specified to have a settling time of 4 sec. The lower bound chosen in this research

is the over-damped response determined by the transfer function in Eq. (4.1) along

with a second pole at -10 to ensure that the upper and lower bounds continue to
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separate as the frequency increases. Thus, the lower bound all is described by:

1

(s + 1)(s + 10) (4.2)

For the upper bound (b11), a transfer function is generated so that C : 0.7 in addition

to the required settling time. A transfer function that satisfies these two conditions

is listed in Eq. (4.3). Note that an additional zero has been added to again ensure

that the frequency responses diverge.

W 2(S + Z1 ) 4.277(s + 0.65)
bl 2  2wns + w 2 - s 2 + 2.4s + 2.78 (4.3)

where C = 0.72 and w,, = 1.667. A plot of the time and frequency domain responses

for all and bl, are shown in Fig. 4.1

Tracking Bounds for P Channel

1.5

0
0 0.5 1 1.5 2 2.5 3 35 4 45 5

time (sec)

2 0 . ...... . ....... .. .. ...... .. .; . . . .: " ; : :......... ..... : . . ..... .. . . . .

.. . .. . . . .. .. . . . . . . .

. . .... .. . . .. . . .. . . . . . . . . . . .. . . . . . . . . .* . . .

" - 2 0 . . . . .. . .. ... . ... . . . .

S- 4 0 ... . . .. .. .. . . . ... . . .

101 1 00 101

Frequency (rad/sec)

Figure 4.1 P-channel Tracking Bounds in Time and Frequency Domains
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In addition, the aircraft must be capable of reaching a 900 bank angle in 1 sec

with a maximal roll rate command. Although this specification cannot be used in

the QFT design process, it is checked in the time domain to ensure that it has been

met.

Since no specifications are given on the 03 channel, the same upper and lower

bounds as in the p channel are used as the tracking bounds for the 0 channel.

4.1.2 Stability Specifications. As stated in Chapter 2, the lateral/directional

channel must have a phase margin angle of at least 300. This corresponds to the

6dB ML contour on the Nichols Chart.

4.1.3 Cross-Coupling Effect Rejection Specifications. Since, for this re-

search, there are no external disturbance signals, only cross-coupling effect rejection

specifications need to be set. As specified in MIL-STD 1797A, the #3 response to a

unit step p command can be no more than 0.0670 for low speeds (low q) conditions

and no greater than 0.0220 for middle and high speeds. In this research, these re-

gions are q < 200 for low speeds and q > 200 for middle and high speeds. Using the

more lenient specification, the QFT design results in a cross-coupling effect rejection

specification of TD,, = -23 dB. In addition, by specification, the total sideslip can

be no greater than 6' for a maximum roll rate command. Since this specification

cannot easily be converted into a form useful in the QFT design, verifying that it is

satisfied is done in the time domain simulation.

MIL-STD 1797A does not list any specifications for a p response to a unit step

input in the #3 channel. This is due to the fact that pilot's rarely have the need to

command a change in / thus, there are few specifications listed for 0. Once again,

the bounds determined for the # response to a unit step p command are used for the

p response to a unit step # command specifications.
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The complete tracking and cross-coupling effect rejection specifications for all

channels is shown in Fig. 4.2.

.i ..i ii i i ..... .. ....... ......... ........ .........
o. . . . . . ... . . . ...................... .. - . i .. .... . - . . . . . !.. - . . . 4 - - ! ! i i . . . --! . . ' " :!

A s. . i sc i nh e v p...... .... . .... . .. .. .. ... ... .. -

Figure 4.2 Tracking and Cross-Coupling Bounds - Both Channels

4.2 Effective Plants

As discussed in Chapter 11 the effective plant is composed of the lateral/directional

aircraft plant, actuator models, and a weighting matrix. In addition, a dutch roll

damper is designed to increase the damping ratio of the dutch roll mode. The

structure of this circuit which is placed after the weighting matrix is shown in Fig.

4.3. The washout circuit chosen is a single pole/zero (high pass filter) configuration

which is utilized to reduce the size of the templates. The pole placement and gain

are determined through trial and error since there is no easy way of doing this math-

ematically. The trial and error consists of choosing a pole and gain and then looking

at the /3 channel templates. Reducing the size of the /3 channel templates allows

greater freedom in the design of the compensator and achieve a low order compen-

sator with a lower value of gain. There is no change in the p channel templates due
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-Rrm ) +Y Rudder 6 - A/C
Actuator

Washout

Filter

Figure 4.3 Dutch Roll Damping Block Diagram

to the dutch roll damper only acting on yaw rate and thus sideslip. The final design

is mathematically described by Eq. (4.4).

9s
washout circuit - (4.4)s+0.2

One aspect of the weighting matrix design is important to mention here as it

is used in all three of the designs. The weighting matrix design has been broken

down into two portions. The first portion is a rudder-aileron interconnect and the

second portion is design specific. Thus the complete weighting matrix is described

as follows:

W = Wrud-.il * W2 (4.5)

where Wru-ail is the rudder-aileron interconnect portion. Wud-ail is a 5 x 5 matrix

relating the effect of the different control surfaces on yaw rate to the effect of rudders
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on yaw rate. Thus,

1 0 0 0 0

0 1 0 0 0

wrda= - 2 0 1 C (4.6)Cn 6r Cnbr  Cn6r

0 0 0 1 0

0 0 0 0 1

Once the effective plant has been determined, it is necessary to analyze diagonal

dominance. Although the effective plant is slightly different for each design iteration,

the results are similar and are only presented once. From Fig. 4.4, it is seen that

the normalized value is greater than one as w - oc for all plants. Thus the diagonal

dominance condition is satisfied, therefore, QFT Method One is chosen as the design

tool for this research.

0.8....
o ..... ...... ........ ...... .. !... .. ..........i i i. .... ...

0 . 2 " . . .... ....... . . . ... ....... . ............. ... .... ......... . . . ..... .... ... ..

0

-o . 2 ......!.-..! .+ ...............

-- o . *a . . ........

JooL O.i 0. 0 0.o 3 . 10 100 0 . a.00 10000.

Figure 4.4 Verification of Diagonal Dominance
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4.3 Design 1

The following sections give the details involved in the first design.

4.3.1 Weighting Matrix. For the first design, the weighting matrix is

chosen so that all of the surfaces on the wing reach their maximum position limit at

the same time. This is accomplished by taking the ratio of the maximum positive

surface deflection to the maximum positive surface deflection of the surface with the

greatest possible deflection (ailerons). The weighting on the stabilator is chosen to

be 0.3333 since most of the stabilator's control authority needs to be available for

the longitudinal channel. Mathematically this is expressed as

6ax0 1 0
ail

1 0 0.3333 0

W 2 = 0 1 = 0 1 (4.7)

pna 0 0.7333 0
= 0 1 0

3 max
ail

4.3.2 QFT FCS Design. Once the weighting matrix is determined, the

templates are generated by the QFT CAD package. The template frequencies are

picked based on the pilot's bandwidth and the bending modes of the F-18. The

pilot's bandwidth lies between 0.1 and 3.5 rps while the bending modes lie above 15

rps [17]. Thus the template frequencies are w = [0.01, 0.02, 0.04, 0.08, 0.16, 0.32,

0.64, 1.28, 2.56, 5.12, 10.24, 15, 30]. The templates for the p channel are shown in

Fig. 4.5 followed by the templates for the 3 channel in Fig. 4.6.
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J. .

Figure 4.5 p Channel Templates - Design 1

41<

Figure 4.6 /3 Channel Templates - Design 1
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The size of the templates show that the P3 channel has the least freedom for

design. Fortunately the greatest variance in phase angle is at the lower frequency

where the tracking bounds must be satisfied. If a large variance in phase angle existed

at higher frequencies it would have been impossible to meet the stability bounds and

more than one compensator would have been needed. The nominal plant is chosen

to be plant #23 (altitude = 6,000ft Mach = 0.9) since it lies at the top of the 15

rps frequency template (Fig. 4.7). The 15 rps template is used since it represents

the bending modes, and it is important that the phase margin frequency (wO) for all

plants be less than 15 rps so that none of the bending modes are excited.

, I , ,

Figure 4.7 Nominal Plant Selection - Design 1

Using the templates, the bounds are generated via the QFT CAD package and

plotted on the Nichols chart. The stability bounds are shown in Fig. 4.8 for the p

channel and in Fig. 4.9 for the / channel.
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The stability bounds of the /0 channel verify the effects of the large phase angle

variation at the lower frequencies. Judging from the stability bounds, a single design

is capable of at least stabilizing the aircraft over the frequencies of interest.

The tracking bounds based on the tracking specifications are shown in Fig.

4.10 for the p channel and in Fig. 4.11 for the j channel.

---------------......-- -- ......... -----.

... .........

..........

. .. ... ...-.....
,. ,.....

Figure 4.10 Tracking Bounds for p Channel - Design 1
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Figure 4.11 Tracking Bounds for Channel - Design 1

From these bounds it is already evident that the lower frequency tracking

bounds are very difficult to meet. Fortunately, these frequencies are below the pilot's

bandwidth and are not extremely important to satisfy.

A plot of the cross-coupling effect bounds is shown in Fig. 4.12 for the p

channel and in Fig. 4.13 for the /3 channel. This plot shows that the cross-coupling

effect bounds are nearly impossible to meet for all frequencies, and if they are used

as a part of the composite bounds, they will mask the tracking bounds making the

design meaningless. Therefore, the composite bounds are only based on tracking

and stability bounds. The time domain simulations are used to verify that the

cross-coupling effects meet military specifications.
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The composite bounds are shown in Fig. 4.14 for the p channel and in Fig.

4.15 for the /3 channel. These bounds show that at low frequencies the tracking

bounds are dominant while at higher frequencies the stability specifications play

a greater roll. In addition, both the p channel and /3 channel have a dip in the

composite bounds at lower frequencies. These dips of ; 5dB allow the gain to be

reduced by this amount. Although 5dB doesn't sound like much, it translates into

reducing the gain by a factor of 1.8, a significant reduction indeed. If it is possible,

the loop transmission functions will go through these dips, allowing the gain of the

compensator to be reduced.
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...... .. ...... ......... : :i ...7 :: : : .- '$ ' .... .
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...... ... ........
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... ...... ... ,.... .- -::':: :=,... ...... ' :c ' ...': .. ' .... .. ..... ... .z ',? ' .;: c ... . :. ,, .. ....... .-n

.. .. ......... ... . ... ... .. ... !- ... .. . . ... . -. . . . ... ...- . . .. ...
... ....... ... .. .. .. ..1, .. . .... ...". ... ..... .: : : : '

..................... ... ....... ,.... ...... ;....
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Figure 4.14 Composite Bounds for p Channel - Design 1
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Figure 4.15 Composite Bounds for /3 Channel - Design 1

With the determination of the composite bounds complete, the ioop shaping

is done with the aid of the QFT CAD package in order to determine the transfer

functions of the compensators. The ioop transmission functions for the final com-

pensator designs are shown in Fig. 4.16 for the p channel and Fig. 4.17 for the 3

channel. These plots show that the composite bounds are not met for all frequen-

cies. However, over the important pilot bandwidth of 0.1 rps to 3.5 rps the bounds

are indeed met. In addition, the phase margin frequency (frequency where the loop

transmission function crosses the zero dB line) for the nominal plant is 15 rps as

desired for this design. Based on these observations, the compensator designs are

deemed satisfactory.
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Figure 4.17 Nominal Loop Transmission for Channel - Design 1
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The transfer functions of the designed compensators are given by:

GP = 0.4(s+3) (4.8)

145(s + 0.8)(s + 5) (4.9)

s(s+ 10)

which are of low order.

In designing a pre-filter, it is important that the pilot's tracking commands

are not attenuated. Thus, the p channel pre-filter's bandwidth must be greater than

3.5 rps. Since the pilot doesn't typically attempt 0 tracking, the f3 channel pre-filter

doesn't have these restrictions. The final pre-filter designs are given in Eq. (4.10)

and Eq. (4.11).

F- 5 (4.10)
(s +5)

0.5
F (s +0.5) (4.11)

4.3.3 Design Validation. Having designed a compensator and pre-filter,

the complete flight control system must be tested in the frequency domain to ensure

stability and that tracking and cross-coupling effect rejection specifications are met

over the bandwidth of concern. The stability validation generated by the QFT CAD

package is shown in Fig. 4.18 and Fig. 4.19. Since none of the J loop transmission

functions violate the stability bound, the aircraft is stable over the entire flight

envelope.
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The validation of tracking and cross-coupling effects rejection is shown in Fig.

4.20. This plot shows that the J plants lie within the tracking bounds over a

frequency range for the 1,1 MISO loop. For the p channel (the (1,1) plot), this region

is from 0.01 < w < 2.2 (in radians/sec) for the low q plants and from 0.01 < w < 50

for the rest of the plants. As mentioned before, a large amount of over-design exists

in the QFT design method, so these values are determined to be acceptable since

the design is also tested in the time domain. For the / channel (the (2,2) plot),

the lower tracking bounds are not met for any frequency in the pilot's bandwidth.

However, since these bounds are generated somewhat arbitrarily, and based on the

results of the time domain simulations in Ch. V, the # channel tracking validation

results are judged to be satisfactory. Looking at the off-diagonal plots, the cross-

coupling effects are acceptable for the 3 response to a roll rate input (the (2,1) plot).

While a couple of the bounds lie above the -23 dB line, the over-design should ensure

that the actual time domain response meet specifications. Looking at the p channel

response to a sideslip input(the (1,2) plot), the results obviously don't meet the given

specifications. However, since there are no set specifications for this type of response

in MIL-STD 1797A, and since the rest of the design is deemed acceptable, it is left

to the time domain simulation to determine if the cross-coupling effects are indeed

acceptable.
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4.4 Design 2

4.4.1 Weighting Matrix. For the second design, the weighting matrix

is similar to that of the first design. The difference is that for the low 4 flight

conditions (q < 200) only the ailerons and rudders are used as control surfaces. This

is a reasonable course of action since it is obvious from the B matrices (see Appendix

A) that the other control surfaces (stabilators, trailing edge flaps, and leading edge

flaps) have little control power in the low q regions. Thus for 4 < 200 the weighting

matrix is:

1 0

0 0

W2= 0 1 (4.12)

0 0

0 0

and for 4> 200 the weighting matrix is the same as in Design 1:

1 0

0.3333 0

W2 0 1 (4.13)

0.7333 0

1 0

Again, these weighting matrices are pre-multiplied by the rudder-aileron interconnect

weighting matrix (see Eq. (4.5)).

The aim of the second design is to reduce some of the cross-coupling effects on

the 3 channel when a roll rate input is applied. The low q plants have a relatively

high trim angle of attack. Under these conditions, more cross-coupling effects are

to be expected. By using fewer control surfaces in the low 4 regions, there is less

surface area capable of generating a side force and in turn sideslip.
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4.4.2 QFT FCS Design. With the new weighting matrix, the effective

plant is generated and new templates are determined. The templates are shown in

Fig. 4.21 for the p channel and in Fig. 4.22 for the # channel. These templates

show that the weighting matrix has the desired effects. There is little change in the

p channel templates from Design 1 to Design 2 demonstrating that using only the

rudder and ailerons at low q flight conditions has little effect on the plant uncertainty

in the p channel. On the other hand, there is a dramatic effect on the # channel

templates. The size of the templates is smaller especially at lower frequencies. This

allows for greater freedom in designing the compensator for the /3 channel. The

smaller /3 templates allow a lower gain to be used for the compensator while still

meeting the tracking bounds. The lower gain also reduces the cross-coupling effects

which is what this design hopes to accomplish. Although it is not shown here, since

the plot looks similar to Fig. 4.4, the diagonal dominance condition is met with the

incorporation of this weighting matrix.

A . . . .e .. . . . i .. . . .

Figure 4.21 p Channel Templates - Design 2
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Figure 4.22 i Channel Templates - Design 2

To avoid repetition, only the composite bound are shown here (Fig. 4.23 and

Fig. 4.24). Once again the cross-coupling effects bounds are not used in generating

the composite bounds as they are similar to those seen in Fig. 4.12 and Fig. 4.13

and they mask the tracking bounds. The same dips are seen in the Design 2 bounds

as in Design 1 enabling lower gains to be used and still achieve the desired tracking

responses.
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Plots of the loop transmission functions for the final Design 2 compensators

are shown in Fig. 4.25 and Fig. 4.26. These figures show that the loop transmission

functions go through the dips in the composite bounds where possible. For the p

channel the dips in the composite bounds level out at higher frequencies, thus less

effort is made in trying to pass through the dips. In addition, for both compensators,

the stability bounds are met for all frequencies and the tracking bounds are met

over the pilot's bandwidth. These plots also show that the phase margin frequency

is indeed the specified value of 15rps for both channels.

F 4...................................25 N om inal Ls iss ...... ...

. ' ,.'.' -,, , .---- ...i _..- ....... ...... .... ....... .... . ... . .. . . . . - . . . . . . .

? ... . ...... .. ......... : .... : .................... . ...... ... ,... r + .. ... .

. ............. :x . ... . ... ....... ' "........ .. " . . . . .. '" . . . . ":

- -:::'---......

............. ... ........... ........... .., ! : . ......

.....~~~ ~~ ~~~ :° -: ::::: :::::::::: ::::: :: :: ............. . -................. ....................... = ....................... ........
. .. .. . . . . . . . . . . . .. . . ...

The final compensators generated for Design 2 are:

o.4(s + 2)(s + 10) (.4G = s(s+ 5) (.4

135(s + 0.9)(s + 3) (.5
G = s(s +7) (.5
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Figure 426 Nominal Loop Transmission for 0 Channel - Design 2

The pre-filters are designed based on the same criterion of not attenuating the

pilot's tracking signal as described in Design 1. The final pre-filters for Design 2 are

represented by:

Fp 4 (4.16)
'(s+4)

0.5
FO 0. (4.17)

(s + 0.5)

4.4.3 Design Validation. The compensators and pre-filters generated in

Design 2 are first checked to verify that the stability bounds have been met for both

channels. The plots generated by the QFT CAD package for stability validation

are shown in Fig. 4.27 for the p channel and in Fig. 4.28. Since none of the loop

transmission functions for either channel pass through the stability contour, the

stability specifications are met for both channels.
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The tracking validation plot of Fig. 4.29 is also generated via the QFT CAD

package. Looking at the upper left hand graph, it is seen that the p channel tracking

bounds are met over the pilot's bandwidth for the high q plants. The low q plants

don't meet the tracking bounds very well, but based on QFT's inherent over-design

the responses are accepted for now and are tested in the time domain to ensure

tracking responses are acceptable. The poorer responses of the low 4 p channel

tracking is expected since by not using all of the available control surfaces, some

control power is lost and tracking becomes more difficult. However, in the low q

range, degraded roll performance is expected and exists in current fighter aircraft.

The lower right hand graph shows a similar response to that seen in Design 1 (Fig.

4.20) and is deemed acceptable based on the same reasons. Looking at the cross-

coupling effects (upper right hand and lower left hand graphs), similar responses to

those seen in Design 1. Taking a closer look, it is seen that Design 2 has slightly

better attenuation of 0 response generated by a roll rate command (lower left hand

graph.) Since this is the desired effect of the second design, the QFT portion of this

design is complete and it is left to the time domain simulation to verify that military

specifications are met.
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Figure 4.29 Tracking Validation for Design 2
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4.5 Design 3

The third design goes beyond just trying to control the F-18. The objective of

Design 3 is to reduce the loads on the wing, thus reducing the bending and twisting

of the wing. This is accomplished using load alleviation techniques in conjunction

with QFT.

4.5.1 Weighting Matrix. The weighting matrix of Design 3 is developed

to maximize control power while at the same time reducing wing load. Data for

the influence coefficients was obtained from the Structures Division of Wright Lab-

oratory. Unfortunately, due to problems with the finite element model, data was

only provided for the trailing edge flaps and the ailerons. The influence coefficients

describe the load generated by a degree of deflection of a control surface. Based on

this knowledge, it is possible to optimize the available control power while minimiz-

ing the load on the wings. The optimization problem is formulated in the following

manner:

" Since no data is available for the leading edge flaps, it is decided to use the

leading edge flaps with the ailerons to generate roll control power. This is

accomplished by using the leading edge flaps so they reach their maximum

deflection at the same time as the ailerons reach their maximum position.

Mathematically this is expressed as:

Smax

6lef =-- 6ail 5rrna

6lef = 330ail = 0 .7 3 3 3 bail (4.18)450

" Trailing edge flaps are used in the negative direction to alleviate load.
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" The roll control power equation to be maximized is written as follows:

Cl = Cl 6ai,ail + Cl 616 blef + C"6 1 tef' (4.19)

C, = (C,6, + (0.7333)C,,,) bail + Ci6,0 btef (4.20)

" Restrictions are placed on the maximum bending and torsion moments:

6e Bj bmax (.1

-6 . 1 bail + CB, tef 2 Ca mai (4.21)

ICTa, bail + CT". btef j 1 CT. (4.22)
-- 2 T ja, (ail ( . 2

where CB6 and CT are the influence coefficients provided by the Structures

Division.

" Additional constraints are set by maximum control surface deflections.

- 25 5 bail <45 (4.23)

8 <_ tef<q 4 5  (4.24)

Thus, there are four constraint equations: bending moment (Eq. (4.21)), tor-

sion moment (Eq. (4.22)), and two position limits (Eq. (4.23) and Eq. (4.24)). The

cost function for this optimization is the two degree of freedom roll control power

equation (Eq. (4.18)). The optimization algorithm for this research is a two dimen-

sional linear programming problem. If data had been available for the leading edge

flap, the optimization would have involved three degrees of freedom. A graphical

representation of the optimization problem is shown in Fig. 4.30. The weighting

matrix element is then determined by the ratio of trailing edge flap deflection to

aileron deflection at the point of maximum roll control power. From this graph, it is

seen that for this design, the maximum roll control power is always obtained when
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the line described by the bending or torsion moment equations intersects the maxi-

mum negative deflection of the trailing edge flaps. The slope between the origin and

this point is negative showing that the control surfaces are working in the predicted

directions.

(-25.45) 5L3P _tAM0 EDGE IFLAP DEINTION LUMIT (45.45)

DEL.CTI YON

30

- Q T

(-23.-N) (45.-S)

Figure 4.30 Example of Optimal Weighting Matrix Calculation

The weighting matrix developed by this optimization routine is:

1 0

0.3333 0

W2 0 1 (4.25)

0.7333 0

k 0

where k is the optimal slope (average for all plants of -0.177). Notice that the

weighting matrix element relating to the stabilators is once again chosen to be 0.3333.

In addition, the optimal weighting matrices are dependent on flight condition.
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4.5.2 QFT FCS Design. With the new weighting matrix, the effective

plants and the MISO loops are generated. The templates for Design 3 are shown

in Fig. 4.31 for the p channel and Fig. 4.32 for the 03 channel. The templates

show that the plant uncertainty for the p channel has been reduced (the templates

are smaller.) In addition, although the 0 channel templates are slightly larger than

those in Design 2, they are still smaller that the first design's templates.

14%. . .. . s A lt . . . o ..

Figure 4.31 p Channel Templates - Design 3
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Figure 4.32 fi Channel Templates - Design 3

Based on the templates, composite bounds are generated for Design 3 (Fig.

4.33 and Fig. 4.34). Comparing these composite bounds to those generated in

Design 2 (Fig. 4.23 and Fig. 4.24) show that the magnitude of the p channel bounds

is slightly reduced in Design 3 over Design 2. For the 0 channel bounds, there is no

visible difference between Design 2 and Design 3.
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Using the composite bounds generated by the QFT CAD package, loop shaping

is performed for both channels. The final loop transmission functions are shown

in Fig. 4.35 and Fig. 4.36 for the p and 03 channels respectively. These plots

show that the stability bounds are met for all frequencies for both channels. In

addition, the tracking bounds are met over most frequencies for the /3 channel and

over most of the pilot's bandwidth for the p channel. Even though the tracking

bounds for the p channel are not satisfied for the pilot's entire bandwidth, based

on QFT's inherent over-design, this design is acceptable and is further tested in the

time domain simulations.

....................................... ...........................
....... ........
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Figure 4.35 Nominal Loop Transmission for p Channel -Design 3
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. . ............ ..

... ... .. ..... .. .. .

Figure 4.36 Nominal Loop Transmission for 3 Channel - Design 3

The final compensators describing the ioop transmission functions for Design

3 are:
a,= 0.38(s + 4.1) (4.26)

S

130(s + 1.1)(s + 2.5) (4.27)
an = s(s±+5)

The final pre-filters developed for Design 3, determined using the same criteria

as the previous designs, are:
4

F, - ( + 4)(4.28)

0.5Fz- (.s + 0.5) (4.29)

..5.3 Design Validation. After the completion of the compensator and pre-

filter designs, both channels are checked to ensure that the stability specifications are

satisfied. The plots for the stability validation performed by the QFT CAD package

are shown in Fig. 4.37 for the p channel and in Fig. 4.38 for the f3 channel. Since
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none of the Jl plants cross through the highlighted ML contour, the Nichols chart

stability criterion is satisfied.

ii .... ... ::. .... ........ ...... ..... .... . .. ........... ............. ....... : ... .... ... ... ... ........... ......... .. ..
... .. ............................ .. ...... ... ....... .......i~i~ ::.... ......: :. ... .... ....................

........'. .. ... ._. ............ .. . ... ... .. ... .. .. ... ....................... ........

Figure 4.37 Stability Validation for p Channel - Design 3

.. ... ... ......... .. ....... .............. -...... ... ... ... .. . .... .... .... ..... ......: ., .

.. .. .. . . - i..-.....:: ,,

Figure 4.38 Stability Validation for flChannel - Design 3
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The frequency domain tracking validation is also performed via the QFT CAD

package and the results are shown in Fig. 4.39. These results are very similar to

those seen in Fig. 4.29 and based on the same reasons, the third flight control

system design is considered acceptable. Further testing is done in the time domain

simulations found in Ch. V.
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.2 .... ... . ........ ... .. ....... ...ii i :~ ~ i. . . . . . . . .. : : : : : : :

-4 ............ . i i i l . . . .. . . : : : : : : : : :

25 MOlok1 12.11 MOIOp 12.21

o "'" 'T "T T ;T I;' i i ii............

-.. ........ .....!-. . ? i- ... ....... -. i. i .+.. -....... . .. - .-.. i .' .... ... " . i..."..." + !. .. ..

W4 39

. ........ ~~ ~ ~~ ~~~~~~~~~ ..................-.................. + . : ....................:::! :: ii

........................ ... ... .. .. . ... .. ... ... .. . .. ... .. .. .....

75 .1 .11.10. IV 06. 8 0. 0 1CFiur 4.39 Trc iVaiaonfrDsg3
4-39



4.6 Chapter Summary

Three flight control system designs are performed in this chapter. The only

difference in the designs is in the selection of the weighting matrix. For Design 1,

the weighting matrix is chosen so that all of the control surfaces on the wing reach

their maximum position deflection at the same time. The second design uses the

same weighting matrices for the high 4 plants (4 > 200) but for the low q plants

only the ailerons and rudders are used. The more sophisticated third design employs

optimization techniques to produce maximum roll control power while reducing the

wing loads. Using these weighing matrices and the resultant effective plants, three

sets of compensator and pre-filter matrices are generated using the QFT robust

control design method. These designs are then checked to ensure that stability

specifications are met and that tracking responses are reasonable. The next step in

this research is to determine the time domain responses of these three designs. The

time domain simulations are performed in Ch. V.
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V. Time Domain Simulation

Having designed the flight control system in the frequency domain, it is then

important to test the resultant design in the time domain. If the time domain

responses meet the given specifications then the design process is completed. For

this research the time domain responses are simulated using MATLAB's nonlinear

Simulink program. This program is very effective since it allows the user to construct

a block diagram to simulate both linear and non-linear systems. Three specifications

are evaluated in this chapter: time response to a unit step roll rate command, time

response to a unit step sideslip command, and time to bank to 900. For all of these

test conditions, time histories are shown for roll rate, sideslip, bank angle, as well as

the position of all the control surfaces.

5.1 Setup

The top level of the simulation (Fig. 5.1) shows the block diagram of the lat-

eral/directional flight control system where Gii represents the compensator transfer

functions and F are the pre-filter transfer functions. The block labeled Pe represents

the effective plant and is shown in Fig. 5.2.

The second level, the effective plant, takes in the commanded signals, passes

them through the weighting matrix and then on to the actuators (represented by the

blocks labeled Aileron, etc.) These signals are then finally passed on to the aircraft

dynamics model. The dutch roll damper circuit is also incorporated at this level and

is comprised of yaw rate feedback passed through a washout circuit. The signals

coming out of this layer are then passed back to the top level.

The actuator block, Fig. 5.3, models the actuator dynamics in addition to

position and rate limits. The position and rate limits make the overall system non-

linear and are thus a truer representation of the F-18. All three of the flight control

designs are evaluated using this same structure.
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5.2 Design 1

As a reminder, the first design uses a weighing matrix developed to make all

of the wing control surfaces reach their maximum deflection position simultaneously.

The compensators and pre-filters generated based on this weighting matrix are re-

stated here for convenience.

- 0.4(s+3) 145(s+0.8)(s+5)
G.Jp S(S+10)

(5.1)

Fp= 5 O 0.5
(s3+5) (s+0.5)

In general, the results of the time domain simulation for the first design are all

good. The time responses to a unit step roll rate command are shown in Fig. 5.4 and

Fig. 5.5. Looking at the roll rate time history plot, the high q plants (solid lines)

Time Response to Step Input - P Channel (- qbar > 200, -- qbar < 200)
1.5,

" I: : _ . ,, =":- --.. -~ :

W 0 . . . . -6. - 7 ..... . .... ..-...-- - - - - - - - - -- - - - - -

-0.0 / - : -i~. - i -i0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0.1

-a O. /6: , _.. .".,' - -,, -.,, ,' , _._ -- :-
cis o0.022 I-.......• '':'- :- ...... : ...... ......... .. .... .. . .

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
10/ ' '

0
/

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)

Figure 5.4 Time Response to Unit Step Input p Channel - Design 1 (1 of 2)

clearly exhibit the desired time response of a settling time of 4 seconds. For the low 4

conditions (dashed lines), not all of the plants meet the given tracking specifications
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Time Response to Step Input - P Channel
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Figure 5.5 Time Response to Unit Step Input p Channel - Design 1 (2 of 2)

although the settling time is close. However, poorer tracking, i.e., "ballooning", is to

be expected at higher trim angles of attack (low q regions.) In addition, the overshoot

is larger than expected, but the damping of the signal is reasonably good. The /

time response to a roll rate input shows excellent cross-coupling effect rejection. The

low q plants do not exceed the maximum specified value of 0.067' of sideslip and

the high q plants are well below the maximum value of 0.0220 of sideslip. Figure 5.5

shows that all of the control surface deflections are within reasonable limits. This

graph also clearly shows that a great deal of rudder is used to generate the desired

roll rate for low 4 plants. This illustrates the effect of the stronger cross-coupling

between the p and P3 channels which manifests itself as adverse yaw.
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The time responses due to a unit step /3 command are shown in Fig. 5.6 and

Fig. 5.7 for the variables of interest. The /3 response clearly shows the effects of the

pre-filter which is designed to filter out high frequencies. This is done to reduce the

cross-coupling effects, and is justifiable since the pilot rarely attempts to command

/3 for lateral tracking tasks. The settling times for the 0 channel are greater than

the specified value of 4 seconds, however, since this value was not based on military

specifications, the time responses obtained from this design are deemed acceptable.

The roll rate response to a unit step /3 command show the results of the fre-

quency domain cross-coupling effects plots (Fig. 4.20). For the low q plants, the

cross-coupling effects are very evident, but since they are quickly damped out and

these effects are inevitable at high angles of attack, the design is satisfactory for the

/ channel. Looking at the control surface time histories, Fig. 5.7, all of the surface

deflections are within a reasonable range for a step input. Again, a large amount of

rudder deflection is used to obtain the desired response for the low 4 plants, but this

is expected for /3 tracking.

Time Response to Step Input - Beta Channel (- qber > 200, -- qber C 200)

0

oL-------------------------_I
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-2 .* .. .. . .. . . . . . .......
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Figure 5.6 Time Response to Unit Step Input / Channel - Design 1 (1 of 2)
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Time Response to Step Input - Beta Channel
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Figure 5.7 Time Response to Unit Step Input / Channel - Design 1 (2 of 2)

A final time domain simulation is performed to determine the time required

to bank 90'. The results of this simulation are shown in Fig. 5.8 and Fig. 5.9. The

roll rate command needed to obtain the desired results is Pc,,d = 155 deg/sec. With

this commanded signal, all of the high q plants are able to achieve a 900 bank angle

within 1 second. In addition, the 3 cross-coupling for the high q plants is on the

order of 10, well below the maximum allowable of 60. The low q plants are unable

to meet specifications, but again, these specifications are not really meant for high

angle of attack flight. The time histories of the control surfaces show the effect of

both the rate and position limits. The low q plants stay in deflection saturation

for the positions over the entire time range. This shows that the aircraft is unable

to meet the desired time responses even with increased roll rate signals. All of the

plants are in rate saturation for at least 0.3 seconds. Thus, the actuator rate limits

are the limiting factor on the response of the F-18 aircraft. The high 4 plants do not

reach position limits, indicating that greater bank angles than 90' are achievable in

1 second.
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Time to 90 degree Bank (-qber > 200, -- qbar < 200)
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Figure 5.9 Time to Bank 900 - Design 1 (2 of 2)
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Overall, based on the data from these three simulations, the first design is

acceptable but there is definitely some room for improvement.

5.3 Design 2

The compensators and pre-filters determined in the second design are listed in

Eq. (5.2). For the high q plants, the weighting matrix used in this design is identical

to the first design. For the low q plants only the ailerons and rudders are used as

control surfaces.
0.4(a+2)(s+10) G 135(s+0.9)(s+3)

s(3+5) s(s+7)
(5.2)

Fp 4 0 .5
(.+4) = (S+0.5)

The time responses due to a unit step roll rate command (Fig. 5.10 and Fig.

5.11) are very similar to those seen in the first design. All of the high q plants meet

the settling time specification generated from MIL-STD 1797A. In addition, some

of the low q plants also display a satisfactory settling time. The settling time of the

rest of the low 4 plants appear to have a slightly longer settling time than in the first

design, and the overshoot is larger than specified, but since these plants represent the

high angle of attack flight conditions, the responses are acceptable. The 03 channel

cross-coupling is reduced over that seen in the first design, and is well within the

specified limits. The control surface time histories of Fig. 5.11 show that in general

the maximum deflection angle is reduced when compared to Design 1. The exception

to this is the maximum aileron position for low q plants which is almost double the

first design. This is an expected effect of only using ailerons for roll control at low

q. Since the maximum deflection is still relatively small, this design is acceptable.

There appear to be some oscillatory problems in the simulation for the leading edge

flaps, but the oscillations are so small (on the order of 0.01 degrees), that they are

easily explainable as numerics problems.
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Time Response to Step Input - P Channel(- qbar > 200, -- qbar c 200)
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Figure 5.10 Time Response to Unit Step Input p Channel - Design 2 (1 of 2)
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Figure 5.11 Time Response to Unit Step Input p Channel - Design 2 (2 of 2)
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The time responses to a unit step /3 command for Design 2 are shown in Fig.

5.12 and Fig. 5.13. These plots are very similar to those of Design 1. One major

difference is that Design 2 requires greater deflections of aileron to reach the tracking

input. This is due to the fact that none of the other control surfaces are used and

is a reasonable and expected consequence. In addition, a pilot would not typically

attempt to track a /3 command when flying at high angles of attack. Since the /

channel is not as important as the p channel in lateral/directional design, reduced

performance in the /3 channel is an acceptable trade off to increased performance in

the p channel.

Time Response to Step Input - Beta Channel (- qbar > 200, -- qbar < 200)
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Figure 5.12 Time Response to Unit Step Input/3 Channel - Design 2 (1 of 2)
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Time Response to Step Input - Beta Channel
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Figure 5.13 Time Response to Unit Step Input Channel - Design 2 (2 of 2)

The time to bank 900 simulation results (Fig. 5.14 and Fig. 5.15) show that

for the high q plants Level 1 military specifications are met. The low 4 plants

reach a lower bank angle than in the first design, but again this is to be expected

since only ailerons and rudders are used for roll control. The benefit of this design

is that none of the plants obtain a sideslip angle greater than 6' as specified in

MIL-STD 1797A. The commanded signal required to meet the given specifications

is pd = 145 deg/sec, which is 10 deg/sec lower than that required in Design 1.

The benefit of this reduction is that the control surfaces come out of rate saturation

earlier and this translates to a greater potential maximum bank angle obtainable in

one second than in Design 1.

Due to the reduced f cross-coupling effects from roll rate commands and the

shorter time spent in rate saturation, the second design is superior to the first design.
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Time to 90 Degree Bank (-qbar > 200, -- qbar < 200)

-2100k

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Tim to 90.. degre-B-n

10 .... ... .............................. . ......

ON _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

50

0 ~ ~ - 1 -0 2-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

rr -50

-10 .. ... .... .... ..... .... ...

LU

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
20

IL10 _ _ _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 5.15 Time to Bank 90' - Design 2 (2 of 2)
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5.4 Design 3

Both of the first two designs concentrate only on meeting military specifica-

tions. The third design attempts to reduce the wing loads experienced during rolling

maneuvers in addition to meeting military specifications. This is done by design-

ing a weighting matrix that uses the trailing edge flaps to reduce the wing loads

while using the leading edge flaps and ailerons to generate roll control power. The

compensators and pre-filters generated based on this concept are shown in Eq. (5.3).

G = 0.38(s+4.1) Go3 =130(s+1.1)(s+2.5)
G 0s(s+5)

(5.3)

FP= 4 0.5
(s+4) F - (s+0.5)

The time responses to a unit step roll rate command for this design are shown

in Fig. 5.16 and Fig. 5.17. These results are very similar to those seen in the first

two designs. All of the high q plants and some of the low 4 plants demonstrate

the desired settling time of 4 seconds. Like all of the previous designs, the flight

conditions with high trim angles of attack have relatively large overshoots which are

quickly damped out, but the settling times are longer than the desired time. One

improvement in Design 3 over the other designs is that the sideslip cross-coupling

is reduced even further than either of the previous designs. This is a direct result

of using the trailing edge flaps in the opposite direction of the other wing control

surfaces. The control surface time histories (Fig. 5.17) show that larger deflections

than in the first two designs are needed to generate the same step response. This

is again caused by the trailing edge flap's generation of a negative rolling moment

which must be compensated for by slightly increasing the deflections of the remaining

control surfaces. Overall, the time responses in this design to a unit step roll rate

command are acceptable; also, one should not forget the load alleviation benefits of

this design.
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Time Response to Step Input - P Channel(- qbar > 200, -- qbar <~ 200)
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Figure 5.16 Time Response to Unit Step Input p Channel - Design 3 (2 of 2)
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The time histories generated by a unit step /3 command are shown in Fig.

5.18 and Fig. 5.19. These results are again very similar to those seen in the first

two designs. The only real difference is that larger surface deflections are needed to

produce the desired results for the low q plants. However, as stated in the previous

designs, since /3 tracking is not often attempted in high angle of attack flight, these

time responses are acceptable.

Time Response to Step Input - Beta Channel (- qbear > 200, -- qbar < 200)
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Figure 5.18 Time Response to Unit Step Input /3 Channel - Design 3 (1 of 2)
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Time Response to Step Input - Beta Channel
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Figure 5.19 Time Response to Unit Step Input/3 Channel - Design 3 (2 of 2)

In determining the time to bank 900, a roll rate step command of 150 deg/sec

is initially given. The results of this operation are shown in Fig. 5.20 and Fig.

5.21. Using this command signal only a couple of the plants are able to reach a

900 bank angle in one second. Looking at the time histories of the control surfaces

it is evident that increasing the roll rate command won't increase the number of

plants that meet the military specification since all of the control surfaces except the

rudders are saturated over the entire one second time range. These time responses

demonstrate the severe restrictions that the actuator rate limits place on the F-18's

roll performance.
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Time to 90 Degree Bank (-qbar > 200, -- qbar < 200)
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Figure 5.21 Time to Bank 900 - Design 3 (2 of 2)
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One major problem with attempting to apply the load alleviation concept to

the F-18 is that the actuator rate limits on the leading edge and trailing edge flaps

are extremely low (18 and 15 deg/sec respectively.) Indeed, the flaps were not meant

to be primary control surfaces. Thus, although the leading edge flaps are available

to create roll control power, they deflect very slowly and do not provide enough

roll control power fast enough to be of use in difficult tracking tasks. Based on the

knowledge that faster actuators are available, the rate limits are removed from the

simulation to determine the time responses as an academic problem. Without the

rate limits, a roll rate command of 170 deg/sec is used to determine the bank angle

reached in one second (Fig. 5.22 and Fig. 5.23). These time responses show that

most of the high q plants are capable of reaching a 90' bank angle in one second.

Although the performance in Design 3 is slightly degraded, there are great benefits

achieved by reducing the wing bending and torsion moments. Since the maximum

load limits used in determining the weighting matrix were not based on actual limits

(this data was unavailable), with additional information, a more reasonable design

could be developed.

Time to 90 Degree Bank (- qbar > 200, -- qbar c 200)

0

100 ..... ..................... .............
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Figure5 .2iet Bank 90.4 0.Dsin5 with no7 Rate Limit (1f2

150

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (a)

Figure 5.22 Time to Bank 90' - Design 3 with no Rate Limits (I of 2)
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Figure 5.23 Time to Bank 900 - Design 3 with no Rate Limits (2 of 2)

5.5 Comparison of Designs

In order to compare the designs in a more systematic fashion, the maximum

wing loads are examined for a unit step roll rate command. A unit step is used so

that the position and rate limits are not a factor. This comparison is done for one

flight condition in the middle of the flight envelope, altitude = 10,000 ft Mach = 0.7.

The maximum control surface deflections reached for a unit step roll rate command

are shown in Table 5.1.

Control Surface Design 1 Design 2 Design 3
Aileron 0.12260 0.12260 0.23130
Trailing Edge Flap 0.0970' 0.09700 -0.0409o

Table 5.1 Maximum Surface Deflection Due to a Unit Step Roll Rate Command

From the data provided by the Structures Division, WL/FIB, for this flight

condition the torsion influence coefficients (units are inch pounds per degree) are
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II ITorsion Load (rad lbs in) 1 Bending Moment Load (rad lbs in) I
Design 1 & 2 29.6 -167.88
Design 3 12.86 -79.73
Percent Change -56.5% -52.5%

Table 5.2 Comparison of Wing Torsion and Bending Moment Loads

5134.7 for the ailerons and 10,998 for the trailing edge flap. Likewise, the bending

moment influence coefficients are -30,486 for the ailerons and -60,638 for the trailing

edge flaps. The values for the maximum wing load determined from these numbers

are shown in Table 5.2. Note that the maximum surface positions for design 1 and

2 are the same so their results are combined.

The time histories for a unit step roll rate command, Fig. 5.24 and Fig. 5.25,

show that the roll rate and sideslip time responses are nearly identical for all three

designs. Thus based on the time response and the wing loading, Design 3 is a superior

design.

Comparison of Time Responses to Step Input - P Channel
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Figure 5.24 Comparison of the Three Designs (1 of 2)
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Comparison of Time Responses to Step Input - P Channel
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Figure 5.25 Comparison of the Three Designs (2 of 2)

Additional comparisons made between the three designs are shown in Table

5.3. Looking at the DC gains, Design 3 has the largest DC gain for the 3 channel

compensator. The larger gain results in a lower cross-coupling effect from a roll rate

command, a highly desirable attribute for flight control system designs. In addition,

although the DC gain for the p channel is lower in Design 3 than in Design 2, Design

3 only uses a first-order compensator. Looking at all of these factors combined,

Design 3 is judged to be the best flight control system.
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Design 1 Design 2 Design 3

0.4(s + 3) 0.4(s + 2)(s + 10) 0.38(s + 4.1)
s s(s +5) s

DC Gain (Gp) 1.20 1.98 1.56

145(s + 0.8)(s + 5) 135(s + 0.9)(s + 3) 130(s + 1.1)(s + 2.5)
G1  s(s+ 10) s(s+7) s(s+5)

DC Gain (Gp) 58.0 52.1 71.5

5 45 4
s+5 s+4 s+4

0.5 0.5 0.5
s+0.5 s+0.5 s+0.5

Table 5.3 Comparison of Compensator Designs

5.6 Design Summary

The block diagram for the complete lateral/directional flight control system

is shown in Fig. 5.26. Measurements of yaw rate, roll rate, sideslip and dynamic

pressure are needed for this design. The values of the weighting matrix are dependent

on flight condition and thus must be scheduled.

Measuxernnts

,pp F

cmd p

Pc0d Fpc
W 5166=d

k~d F Gocmd

Pq r
Measurements

Figure 5.26 Final Lateral/ Directional Flight Control System Block Diagram
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VI. Conclusions and Recommendations

6.1 Summary

This thesis research successfully develops three lateral/directional flight control

systems for the F-18. As a first step, performance baselines for roll rate and sideslip

are established based on specifications found in MIL-STD 1797A. Following this, a

set of linear time-invariant plants which encompasses the subsonic flight envelope

are generated from the WL/FIG F-18 HARV simulation. These LTI plants are

generated for thirty-one flight conditions covering the sub-sonic flight envelope of

the F-18, including high angle of attack and high q regions.

Using the thirty-one plants, three separate QFT designs are performed to ob-

tain viable lateral/directional flight control systems. The difference in the setup of

the three designs lies in the selection of the weighting matrices. For the first design,

the weighting matrix is chosen so that maximum deflections are reached simultane-

ously for all wing control surfaces. The weighting matrix for the second design is

identical to the first design for high q plants. For the weighting matrix of the low 4

plants only the ailerons and rudders are used for lateral/directional control. In the

third design, the weighting matrix is designed using optimization to alleviate wing

loads. This is accomplished by commanding the trailing edge flaps in the opposite

direction of all the other wing control surfaces. An optimal weighting matrix is then

determined based on the structural influence coefficients of the wing surfaces, to

reduce wing loads while maximizing roll control power.

Using these weighting matrices, the QFT method is employed and the effective

plants and QFT Q matrices are generated. From the Q matrices, the MIMO plant is

decomposed into four MISO equivalent plants and the compensators and pre-filters

are designed. The final designs are validated in the frequency domain and then

tested in time domain simulations. Both frequency and time domain validations

show that all three designs meet military specifications for high q plants. In order
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to determine a superior design, the three designs are evaluated for maximum wing

loading at a single flight condition. From this analysis the third design is deemed

the best since it provides the same roll control while alleviating the aerodynamically

induced structural loads on the wing surfaces.

6.2 Conclusions

This thesis demonstrates the ability of the QFT robust control design technique

to generate flight control systems for aircraft with flexible wings. The variability of

the aircraft dynamics is easily incorporated into the design so the final control laws

are indeed robust. The time responses for the high q plants easily meet the military

specifications for roll rate settling time and time to bank to 900. While some of

the low q plants meet the roll rate settling time, none of the high angle of attack

plants met the time to bank 900 specification. However, from practical experience,

roll rates of 90 deg/sec are not to be expected of in high angle of attack flight.

The QFT design techniques yield compensators of second order or less. This

is a valuable result since fewer poles translate directly to a shorter delay time in

a digital controller. In addition, due to the graphical design techniques, trade-

offs between compensator order and performance are easy to make. The low order

compensators designed in this thesis research are shown to be capable of meeting

the given specifications.

A more sophisticated design incorporating load alleviation concepts was suc-

cessfully designed using QFT. It has been shown that QFT is capable of incorporat-

ing optimization-based control concepts and still provide all of the benefits of QFT's

transparency using its graphical appeal. Overall, this thesis shows the versatility

and effectiveness of QFT in designing robust MIMO flight control designs.

This thesis research showed that given multiple wing control surfaces it is pos-

sible to reduce the wing loads while maintaining adequate roll control power. Load

alleviation is an important criterion to meet for flexible wings to be used success-
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fully. An additional benefit of this research is that it showed that the performance

of the F-18 is limited most severely by the actuator rate limits. Higher performance

actuators could greatly improve the capabilities of the F-18.

6.3 Recommendations

The load alleviation methods attempted in this thesis are somewhat limited

due to the lack of available data for the wing control surfaces. To better optimize

the load alleviation, while still providing adequate roll control, data for the leading

edge flaps structural influence coefficients as well as the maximum load limits for the

wings need to be determined. With this data, an extra degree of freedom (leading

edge flap deflection) is available for the optimization process. In addition, with better

data for the maximum load limits, a more realistic design can be generated.

With the load alleviation control laws designed in this thesis, the major prob-

lem with performance is due to the rate limits of the wing control surface actuators.

Dynamic load alleviation requires actuators that meet the same specifications as

those used for the primary surfaces. Load alleviation control turns the otherwise

secondary control surfaces, e.g., the leading edge flaps and trailing edge flaps, into

primary control surfaces. To demonstrate QFT's effectiveness in the generation of

control laws for the load alleviation concept a design should be attempted on an air-

craft with faster actuators. As a suggestion, the Active Flexible Wing designed by

NASA and Rockwell could be used as the test bed. Advantages of the AFW include:

data being available for the system dynamics; four control surfaces per wing; and

faster actuators. The Active Flexible Wing program was specifically designed to test

load alleviation control laws and this would be a good chance to demonstrate all of

the capabilities of QFT.

The designs generated in this thesis are tested on a mostly linear continuous

time simulation. As a further validation of the designs, they should be tested on

the full non-linear F-18 HARV simulation program. This would require that the
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design be transformed into the Z-domain to generate discrete control laws. Testing

these designs on the HARV simulation would provide a better evaluation of the

capabilities of the proposed designs. In addition, and perhaps prior to testing on the

HARV simulation, a longitudinal channel should be designed using QFT so that the

complete flight control system for the aircraft could be tested.

Another area for further research would be to generate a separate control law

for the low q plants. In the high angle of attack flight regions, the assumptions used

to make the linearizations are not as valid. This area could be treated as a separate

region and a compensator designed to handle the specific problems of high angle of

attack flight.
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Appendix A. Plant Transfer Functions

This appendix lists the A and B matrices of all the plants (flight conditions)

used in this research.

Plant #1

-0.767193 0.693031 -7.482590 -0.000030

0.008330 -0.076456 -0.003191 0.000785A =

0.328652 -0.944591 -0.092365 0.125834

1.000000 0.347772 0.000000 0.000000

1.489423 1.539380 0.385794 0.000001 1.855690

-0.062534 0.000899 -0.282128 -0.000012 -0.020904B=

0.000043 -0.001051 0.014396 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000

Plant #2

-0.504209 0.570566 -6.401240 -0.000045

0.011945 -0.067203 0.193798 0.001179A=

0.401117 -0.916899 -0.060497 0.111324

1.000000 0.437775 0.000000 0.000000

1.127680 1.124970 0.154353 0.000001 1.612860

-0.060647 -0.041704 -0.189488 -0.000009 -0.018168B=

0.002030 0.000617 0.008911 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000
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Plant #3

-0.466365 0.475063 -6.904790 0.000000

0.009708 -0.061089 0.307424 0.000000

0.418876 -0.908583 -0.041416 0.083661

1.000000 0.461280 0.000000 0.000000

1.099182 1.372970 0.114612 0.000000 1.577030

-0.071666 -0.023515 -0.180497 0.000000 -0.017756
B-

0.001855 -0.000034 0.006586 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000

Plant #4

-0.346492 0.398999 -6.918330 0.000000

0.006992 -0.054560 0.254572 0.000000A

0.411626 -0.911653 -0.021593 0.067048

1.000000 0.451683 0.000000 0.000000

1.139407 1.284330 0.110959 0.000000 1.536420

-0.074070 -0.025443 -0.183071 0.000000 -0.017299B=
0.001253 -0.000205 0.005452 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000
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Plant #5

-0.770966 0.478858 -8.635980 -0.000009

-0.003640 -0.059293 1.444680 0.000228A =

0.182444 -0.982677 -0.077940 0.050078

1.000000 0.185526 0.000000 0.000000

4.724071 3.139900 0.912888 0.000001 3.887220

-0.087435 0.072643 -0.680775 -0.000003 -0.043770B=

-0.000984 -0.002329 0.015093 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000

Plant #6

-1.657750 0.367758 -12.485400 0.000001

-0.007509 -0.079799 2.419500 -0.000025A =

0.061462 -0.997704 -0.101286 0.036715

1.000000 0.061667 0.000000 0.000000

8.599120 7.455550 2.006260 -0.000000 9.855070

-0.012645 0.068786 -1.412490 0.000000 -0.110961B=

-0.002206 -0.004015 0.020763 0.000000 -0.000000

0.000000 0.000000 0.000000 0.000000 0.000000
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Plant #7

-2.679530 0.426341 -16.104100 -0.000017

-0.009829 -0.121269 3.746450 0.000460A =

0.041996 -0.998550 -0.154317 0.035796

1.000000 0.042165 0.000000 0.000000

11.732200 12.079800 3.498760 0.000000 13.544600

-0.017743 0.054389 -2.191630 -0.000004 -0.152507B=

-0.002942 -0.005963 0.031243 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000

Plant #8

-5.191480 0.552692 -17.257900 0.000034

-0.015176 -0.214070 6.755080 -0.000900A =

0.026656 -0.998759 -0.270667 0.033750

1.000000 0.026869 0.000000 0.000000

13.417100 23.419600 6.527620 8.333800 15.439200

-0.085674 -0.037453 -3.769390 -0.093822 -0.173826B=

-0.001591 -0.009880 0.050427 -0.000000 -0.000000

0.000000 0.000000 0.000000 0.000000 0.000000
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Plant #9

-6.412340 0.609874 -14.451900 -0.000027

-0.013568 -0.252544 8.061670 0.000699A =

0.023659 -0.998708 -0.321395 0.033136

1.000000 0.023904 0.000000 0.000000

10.877100 28.740200 7.711370 21.804500 13.613500

-0.122479 -0.099846 -4.387240 -0.245509 -0.153283
B 05

0.000000 -0.011469 0.057570 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000

Plant #10

-7.937370 0.668865 -8.051080 -0.000042

-0.012296 -0.297995 9.533600 0.001115A =

0.020906 -0.998633 -0.381306 0.032558

1.000000 0.021185 0.000000 0.000000

6.631840 35.099500 8.901820 43.066500 7.933980

-0.074699 -0.163004 -4.997100 -0.484918 -0.089347
B 06

0.000000 -0.013215 0.064367 0.000000 0.000000

0.000000 0.000000 0.000000 0.000000 0.000000
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Plant #11

-3.547520 0.733331 -14.599700 -0.000019

-0.014746 -0.190622 4.532750 0.000490A =
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